This exploratory study evaluates the following moderation scheme against global warming: deploying nanoparticles in the atmosphere in order to scatter a tiny amount of sunlight (1% or 2W/m 2 ) up to space. Such a strategy could be a last-resort method to counteract unbearable effects of global warming. For particles made of a wide range of known materials, the scattering ability is defined to quantify how efficient the particle is at scattering sunlight. This scattering ability is a function of the particle radius and index of refraction, and is calculated by an in-house numerical code solving the Mie scattering equations. The code is validated against scattering calculations for SO 2 particles published by Schwartz[1]. Our calculations show that an optimum particle size exists, which would minimize the amounts to be deployed in the atmosphere. Also, we evaluate the deployment of biodegradable nanoparticles, which would counteract global warming and minimize dangers related to their redeposition.
INTRODUCTION
Global warming is a modification of the Earth's radiation balance principally due to an increase of greenhouse gases in the atmosphere [2] . The Earth's radiation balance is described in Figure 1 , with all the fluxes being annual, global averages, as presented in [1] . The flux units are in W/m 2 . The average flux of solar radiation incident upon the Earth's atmosphere is 343 W/m 2 . A small third of this incident solar radiation is reflected (106 W/m 2 ) by the atmosphere or the Earth's surface. The rest of the incident solar radiation (237 W/m 2 ) is absorbed by the Earth-atmosphere system, and is matched by the longwave radiations at the top of the Earth-atmosphere system (237 W/m 2 ). Because of the trapping of longwave radiations in the atmosphere by greenhouse gases (CO 2 , CH 4 , CFCs, N 2 , O 3 ), the longwave flux measured at the Earth's surface (390 W/m 2 ) is larger than the longwave flux at the top of the Earthatmosphere system. This phenomenon is called the greenhouse effect, and is beneficial to the Earth since it maintains a temperate value at the Earth's surface.
However, over the Industrial Period (1765-1990), increased concentrations of greenhouse gases in the atmosphere augmented the greenhouse effect. Longwave flux at the Earth's surface has therefore increased by 2.43 W/m 2 +/-10%, according to the Intergovernmental Panel on Climate Change (IPCC) [2] , which implies an increase in the black-body temperature at the Earth's surface. Measurements confirm that the climate is changing at a fast pace: the Earth's temperature has increased by 0.3 to 0.6 degree K over the last 100 years, and the sea level has increased by at least 10 centimeter over 
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the same period [2] . Numerical predictions show that additional changes can be expected, like increase of cloud cover and redirection of thermal fluxes within continents [2] . It must be stressed that the Earth's temperature response is difficult to estimate because of the complex response of the climate, and also because atmospheric aerosols exert a simultaneous forcing that can either increase or reduce greenhouse warming [3] . Despite recent advances, the level of understanding of aerosol forcing is much lower than the level of understanding of greenhouse forcing [3] . This will always be the case, because aerosols involve interfaces between solid, liquid and gases, and are per se more complex than mixtures of gases.
In this study, we consider the following possibility to moderate global warming: creating an atmospheric shield with dispersed aerosols engineered to moderate global warming. The ability of a cloud of particles (aerosol) to 'cool' the Earth is related to the ability of its particles to scatter light. Figure 2 shows the various modes of interaction of light with a single particle. This interaction can be fully described in the framework of the Mie theory, provided that the particle is homogeneous and spherical [4, 5] , and will be summarized here. The incoming light can be absorbed by the particle or scattered (reflected, diffracted, refracted) by an angle θ.
SCATTERING BASICS
Variables of the problem are the intensity of the incoming light, its wavelength and the radius of the particle, respectively noted I 0 (W/m 2 ), λ (m) and a. In the above equation, F(m,θ) is a real, dimensionless function of m, the complex refractive index of the particle [4] . Integrating equation (1) over the solid angle around the particle determines Q s , the ratio of the scattered energy over the total energy reaching the particle. 4) where β is the hemispheric-averaged fraction of upscattered radiation, determined according to a procedure in [1] which averages typical variations of solar zenith angle during a day. For particle diameters relevant to this study [1] , β varies from 0.5 to 0.2. The optimization problem consists therefore in finding the material and size of particles that maximize the upscattering of sunlight, or maximize γ S . In other words, the higher γ S, the least amount of particles need to be lifted up in the atmosphere to offset global warming. Considering the variables that influence γ S , as shown in the above derivations, we express the optimization problem as follows: for any available values of the index of refraction, we maximize the upscattering ability with respect to the particle radius This is a relatively complex optimization problem since the space of variables involves a complex variable (the index of refraction) and a real variable (the particle radius). Figure 3 shows the results of a literature search to determine the index of refraction m=n-ik of a wide range of known materials. Identified values of m and n range from respectively 0 to 4.2 and 0 to 4.5. Polymers of biodegradable materials (e.g. polylactic acid, see insert in Figure 3 ) are also shown, because they would reduce harmful effects during redeposition. For the rest of the optimization approach we will assume that m and n can be varied independently from 0 to 5. Finally, the insert in Figure 3 shows that polymers spheres can be manufactured as hollow shells (using emulsion techniques). This possibility is not considered in this paper, however this could drastically reduce the amount to lift, provided a theoretical framework or measurements to calculate Mie scattering of hollow particles are available. 
NUMERICAL

IMPLEMENTATION OF THE OPTIMIZATION SCHEME
A numerical code is written in the Matlab programming language. A first set of procedures calculate the amount of scattering, in the sense of equations (1)- (4) for any given index of refraction and particle diameter, using routines available to the public domain [15] . In Figure 4 , this first module of the code is validated against results in [1] , where the 'scattering efficiency' (the expression of γ S with respect to the mass rather than the volume) of H 2 SO 4 droplets is calculated as a function of the droplet diameter.
The agreement can be deemed as good, in terms of the width, location and magnitude of the scattering peak. Discrepancies might come from the smoothing of the highly non-linear scattering phase function. An array of refractive index values spanning available materials (Figure 3) , according to the former section, is input into the code with a resolution of 0.25 along the real and imaginary direction of m=n-ik. The second set of procedures works as follows: for each refractive index value, optimization routines from Matlab are used to find the particle radius that optimizes the upscaterring ability γ S . Computing time is 1 hour on a Pentium 4 computer.
RESULTS: OPTIMUM REFRACTIVE INDEX AND SIZE OF NANOPARTICLES TO MODERATE GLOBAL WARMING
The results of the optimization problem 'for any available values of the index of refraction, we maximize the upscattering ability with respect to the particle radius' are presented in Figure 5 and Figure 6 . These maximum values are calculated for a given value of the particle diameter, a value that is not the same for every index of refraction. The particle radius that maximizes γ S is therefore given in Figure 6 , so that these two figures can to be considered simultaneously in order to describe the results of the optimization problem. For instance, Figure 5 shows that resonant scatterers like sodium would have the highest upscattering ability γ S , in the 10 7 to10 8 m 2 /m 3 range. Polysilicon also exhibits values of γ S of this order, while polymers typically exhibit γ S one order of magnitude smaller. Figure 6 shows the radius a of particles that maximizes the upscattering ability, γ S . Once an interesting area is identified, the code is run for the precise index of refraction of the particular material. Values of upscattering ability and optimum radius are presented in Table 1 , for sodium, polysilicon and polymers.
For instance, sodium exhibits a maximum upscattering ability γ S of 41x10 6 m 2 /m 3 for 64nm radius particles, while a typical polymer has γ S of 2x10 6 m 2 /m 3 for 232nm radius particles. For the sake of the exploratory study, Table 1 also lists the density of these particular materials, as well as the mass to lift each year in the atmosphere or the stratosphere. For these calculations, we assume a residence time of 2 weeks in the atmosphere and 3 years in the stratosphere. These amounts correspond to a target reduction of 1% (or 2W/m 2 ) of insolation, and are calculated according to the box model in [1] . The amounts are in millions of tons per year, which makes the proposed scheme costly and difficult to implement, to say the least. For comparison the yearly production of SO 2 is 80x10 6 ton/year. However, the purpose of this article is not to describe how to lift such enormous amounts, but to show that biodegradable polymers in the atmosphere can moderate the effect of global warming while reducing the pollution associated with their redeposition. It must also be stressed that the deployment of scatterers in the stratosphere to moderate global warming has been proposed for the case of sulfur [16] and resonant scatterers [17] . 
CONCLUSION
A model for calculating the potential of atmospheric scatterers to moderate global warming has been built and validated. The upscattering ability has been defined as a measure of the efficiency of particles to scatter solar radiation back to space, per amount of particle in the atmosphere. An optimization study has determined the particle amounts and diameters needed to counteract global warming, for a wide range of known materials. Biodegradable particles have been evaluated because they would minimize the environmental impact due to their redeposition. The amounts of particles to be lifted in the atmosphere are found to be in millions of tons per year, which is challenging. However, in a time where the global temperature increases, and its rate of increase also increases dramatically [2] , study of remediation strategies to global warming are needed, in order to be ready in case of unbearable climate changes. Also, the proposed scheme can be improved in several ways: for instance the Mie scattering model used in this study assumes homogeneous and spherical particles. Significant improvements of the scattering efficiency per unit mass could come from the manufacturing of hollow, nonspherical or non-homogeneous particles. Another approach would be to use a similar process as the formation of H 2 SO 4 droplets, where only a precursor gas (SO 2 ) is emitted, as recently suggested [16] . Finally, the relatively fast redeposition rate and the use of biodegradable particles such as polylactic acid suggest that such remediation scheme could be tuned and deactivated within weeks.
